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Introduction {#sec001}
============

Glycerol monolaurate (GML) is composed of a glycerol head group with one fully saturated 12-carbon medium chain fatty acid. GML potently suppresses the growth of a wide spectrum of pathogens, including gram positive and negative bacteria, fungi, and enveloped viruses \[[@pone.0165083.ref001]--[@pone.0165083.ref006]\]. Due to these antimicrobial properties, GML is incorporated in numerous commercial products such as deodorants, lotions, cosmetics, foods, and homeopathic supplements \[[@pone.0165083.ref007]--[@pone.0165083.ref009]\]. GML is also currently being tested as a topical therapeutic for toxic shock syndrome, HIV transmission, and surgical site infections \[[@pone.0165083.ref010]--[@pone.0165083.ref012]\]. Thus, the commercial and clinical use of GML is greatly expanding. Interestingly, the antimicrobial properties of GML may act at sites distal to the administered site. Rodents orally fed with GML have reduced *Staphylococcus Aureus* induced peritonitis disease burden in the abdominal cavity at levels comparable to rodents fed with vancomycin, suggesting that GML potentially binds to and be carried by soluble factors to distal sites \[[@pone.0165083.ref013],[@pone.0165083.ref014]\].

In addition to its anti-microbial actions, several studies have shown that GML also modulates the immune system. GML suppresses mitogen- and superantigen-driven lymphocyte proliferation and IP~3~ levels, a key messenger molecule in T cell signal transduction \[[@pone.0165083.ref015],[@pone.0165083.ref016]\]. We have recently described that GML treated human T cells have altered dynamics of ordered lipid domains in the plasma membrane. This dysregulation of membrane homeostasis inhibits the aggregation of LAT, PLC-γ1, and AKT nanoclusters into microcluster units at the plasma membrane. The lack of microcluster formation of these signaling molecules results in suppressed TCR activation-induced calcium influx, PI3K and AKT phosphorylation, and cytokine production \[[@pone.0165083.ref017]\]. Thus, GML is a powerful pharmacologic agent with both antimicrobial and immunosuppression properties.

Despite the extensive use of GML in numerous commercial and clinical products, how GML interacts with soluble factors in humans has not been investigated. GML will encounter a wide array of molecules at distinct concentrations depending on its application in the gut, skin, or vaginal tract. One protein that is present in substantial concentrations across all the aforementioned tissue sites is human serum albumin (HSA). HSA is the most abundant protein in the circulatory plasma with a wide array of functions. At a serum concentration of 35--50 g/L, HSA is the main protein component responsible for sustaining colloidal osmotic blood pressure \[[@pone.0165083.ref018]\]. Additionally in superficial skin inflammation, the concentration of HSA in the skin increases to levels comparable to serum concentrations at 10--30 g/L \[[@pone.0165083.ref019]\]. HSA is capable of binding to various endogenous organic compounds such as fatty acids, steroids, tryptophan, bilirubin, etc as well as inorganic molecules including copper, zinc, calcium, and others \[[@pone.0165083.ref018],[@pone.0165083.ref020]\]. HSA is important in pharmacokinetics due to its ability to bind and modulate the pharmacologic activity of exogenous drugs including warfarin, ibuprofen, chlorpromazine, and naproxen \[[@pone.0165083.ref018],[@pone.0165083.ref020],[@pone.0165083.ref021]\]. The interaction between HSA and its ligands has profound impact on the chemistry of the ligands. For example, fatty acids and copper bound to HSA have reduced redox chemistry and free radical formation \[[@pone.0165083.ref018],[@pone.0165083.ref020]\]. Additionally, displacement of warfarin from HSA by other HSA ligands is known to significantly increase the drug's bioavailability and toxic side effects \[[@pone.0165083.ref022]\]. Hence, HSA is a critical host factor in modulating the chemical activity of a wide variety compounds, including fatty acids. Due to the fatty acid chemical structure of GML, we hypothesized GML interacts with HSA and alters GML induced suppression of human T cells.

To address the question of how HSA affects GML-induced T cell suppression, we characterized the binding affinity between HSA and GML and investigated how HSA alters GML mediated suppression of human T cell signaling events and effector cytokine production. We found that HSA has a relatively strong binding affinity for GML at low micromolar dissociation constants (Kds). This interaction between GML and HSA mitigated the signaling defects in GML treated cells. Namely HSA allows the formation of AKT, LAT, and PLC-γ1 microclusters, restores AKT phosphorylation at threonine 308 and serine 473, and rescues IFN-γ, IL-2, IL-10, and TNFα production in GML-treated cells. These results show that the degree of T cell suppression by GML is inversely correlated with the HSA concentration. This information provides insight into physiologic scenarios that GML is expected to be T cell suppressive, information that is critical for the proper utilization of GML in its various applications.

Materials and Methods {#sec002}
=====================

Primary human T cell isolation and GML preparation {#sec003}
--------------------------------------------------

All human subjects experiments were performed in accordance with the guidelines set forth in the Declaration of Helsinki. Peripheral blood mononuclear cells (PBMCs) were isolated from the whole blood of healthy donors that have consented for blood donation at the DeGowin Blood Center at the University of Iowa Hospitals and Clinics. Donors are anonymous and have provided written informed consent to allow their cells that are normally discarded to be used in research studies. The recruitment protocol and written informed consent document were approved by the Institutional Review Board for the University of Iowa. All samples were provided to investigators de-identified. Therefore, further IRB approval for the use of the cells by the investigators was not needed based on Federal Regulation 46.101.B4. PBMCs were isolated using Hypaque-Ficoll density-gradient separation. T cells were then expanded and activated using anti-CD3 and anti-CD28 coated beads (Invitrogen) and human IL-2 for five days. Cells were then re-suspended in fresh media without stimulatory beads and IL-2 for 24 hours and are termed activated peripheral blood T cells (APBTs). APBTs were resuspended in serum free media or media supplemented with fatty acid free HSA (Sigma) before GML treatment. GML was solubilized at room temperature in 95% ethanol and diluted into the appropriate working concentration. 95% ethanol was added as comparative vehicle control at final concentrations that did not exceed 0.2%.

Enzyme-linked immuno assay (ELISA) detection of cytokines {#sec004}
---------------------------------------------------------

0.2% Ethanol control or various doses of GML were added to APBTs in serum free media or media supplemented with between 0.2% to 2% HSA. The cells were then stimulated with plate-bound 2 μg/ml of anti-CD3 (Biolegend) for 24 hours. Protein concentrations of IL-2, IFN-γ, IL-10, and TNF-α in the media supernatants were measured by standard TMB ELISA.

Immunoblotting {#sec005}
--------------

APBTs were treated with 0.1% ethanol control or 10 μg/ml GML resuspended in serum free media or media supplemented with 1% HSA. The cells were then incubated on ice with 2 μg/ml anti-CD3 for 30 minutes. Cells were then warmed at 37°C for 10 minutes, stimulated using IgG crosslinking antibody for various times and HSA was washed away via centrifugation. Cells were then lysed with 2X sample buffer, heated to 95°C, and sonicated.

Cell lysates were separated by polyacrylamide gel electrophoresis and transferred to PVDF. The membranes were blocked in 0.5X SEA BLOCK blocking buffer diluted in PBS. Primary antibodies were incubated overnight at 4°C. Secondary antibodies were incubated with the membrane for 30 minutes at room temperature and then imaged using Licor Odyssey (Lincoln, NE, USA). At least four independent replicates with different human donors were performed for each experiment. Immunoblot band intensity was quantified using Odyssey's v3.0 software with the intensity of the phospho-specific antibody normalized to the intensity of the GAPDH antibody. To minimize variability between human donors, band intensities were further normalized to maximal band intensity of ethanol vehicle control. The following antibodies were used for immunoblotting: AKT pThr 308 (Cell Signaling), AKT pS473 (Invitrogen), GAPDH (Meridian Life Sciences), and IRDye 800CW or IRDye680-conjugated secondary antibodies (Thermo Scientific).

Total Internal reflection fluorescence (TIRF) microscopy {#sec006}
--------------------------------------------------------

APBTs were stimulated in the presence of 0.1% ethanol control or 10 μg/ml GML with plate-bound anti-CD3 on glass coverslips, fixed with 4% paraformaldehyde, permeabilized with 0.25% Triton-X, and stained as described below. To detect microcluster formation of TCR signaling proteins, antibodies specific for LAT pY226 (BD Pharmingen), PLC-γ pY783 (Cell Signaling, and total AKT (Cell signaling) were incubated with fixed and permeabilized cells overnight for 4°C. Subsequently, conjugated secondary antibodies Dylight Goat anti-rabbit IgG and DyLight 568 Goat anti-rabbit IgG (Biolegend) as well as Alexa Fluor 488 goat anti-mouse IgG1 (Thermo Fisher) were incubated with the cells at room temperature for 2 hours. All images were captured by the Leica AM TIRF MC system using 100x magnification oil immersion objective lens at room temperature at the University of Iowa Central Microscopy Research Facility.

Image quantification {#sec007}
--------------------

TIRF microscopy images were processed and analyzed using ImageJ. Quantification of membrane clustering was done by measuring mean pixel intensity in the longest axis of cells for 60 cells total from at least 3 independent experiments. Similar quantification methods have been used in other published reports \[[@pone.0165083.ref023]--[@pone.0165083.ref025]\].

Isothermal Titration Calorimetry and Ligand Binding Analysis {#sec008}
------------------------------------------------------------

HSA, bovine serum albumin (BSA), pig serum albumin (PSA), rabbit serum albumin (RSA), and mouse serum albumin (MSA) were purchased from Sigma Aldrich and purified using gel filtration in 10 mM sodium phosphate and 150 mM potassium chloride buffer at pH 7.4 at room temperature. Lauric acid (LA) was purchased from Cayman Chemicals and glycerol was purchased from RPI. Final protein concentrations were adjusted to 5 μM for all albumin proteins, and final GML, LA, and glycerol concentration was 150 μM. All samples were degassed, and ITC was performed at room temperature as previously described using MicroCal VP-ITC calorimeter \[[@pone.0165083.ref026]\]. Albumin proteins were placed in the sample cell and GML, LA, and glycerol were in the syringe. Twenty-one injections of GML, LA, or glycerol were done at intervals of 180 seconds. Control experiments where GML, LA, or glycerol was injected into buffer and ethanol control was injected into albumin proteins showed that the heats of dilution were constant across all injections. The data were analyzed using a single-site binding model provided in the ITC analysis software package. To ensure reproducibility, three independent experiments from three different preparations of HSA and GML were carried out. The values for ΔH, K~d~ and stoichiometry averaged ± standard deviation. The percent of GML bound to HSA or the percent of HSA bound to GML was calculated using the standard mass action equation with the assumptions that HSA will bind to three GML molecules, that all three binding sites on HSA had an equivalent affinity for GML and that no other ligands are present with GML. The values for stoichiometry and binding affinity were derived from the ITC experiments.

Statistical Analysis {#sec009}
--------------------

Student's t test was done in Microsoft excel by use of two-tailed test assuming equal variance.

Results {#sec010}
=======

HSA binds to the saturated 12 carbon acyl chain component of GML with high affinity and this interaction affects the concentration of HSA-GML complexes in solution {#sec011}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------

HSA has diverse physiological roles including plasma oncotic pressure regulation and transport of both exogenous and endogenous ligands such as fatty acids \[[@pone.0165083.ref018]\]. HSA has seven fatty acid binding sites with three high affinity sites characterized by NMR \[[@pone.0165083.ref027]\]. Therefore HSA potentially binds to GML, a fatty acid monoester, and alters the ability of GML to inhibit human T cell function. Due to the chemical composition of GML, we hypothesize that HSA interacts directly with GML to selectively restore GML mediated T cell defects. Thus, we examined the binding between GML and albumin proteins using isothermal titration calorimetry (ITC). The binding reaction between GML and HSA is exothermic, with a ΔH of \~-3 kcal/mol, and a low micromolar affinity of \~1.4 μM ([Table 1](#pone.0165083.t001){ref-type="table"}). Additionally, GML binds to HSA at a stoichiometry of approximately 3:1, suggesting that GML binds to all three lipid binding sites on HSA ([Table 1](#pone.0165083.t001){ref-type="table"} and [Fig 1A](#pone.0165083.g001){ref-type="fig"}). The lack of an integer number for the experimental stoichiometry is due to error in the measurement of the inactive fraction of each serum albumin and/or concentrations of GML. The affinity and stoichiometry between GML and HSA are consistent with values from other medium chain fatty acids with albumin \[[@pone.0165083.ref028]--[@pone.0165083.ref030]\]. In comparison, GML binds to albumins from other mammals with similar ΔH and affinity values. GML binds to bovine serum albumin (BSA), pig serum albumin (PSA), rabbit serum albumin (RSA) and mouse serum albumin (MSA) with ΔH values that range between -2.0 to -4.9 kcal/mol and affinities that range between Kd at 2.2 μM and 6.3 μM ([Table 1](#pone.0165083.t001){ref-type="table"} and [S1 Fig](#pone.0165083.s001){ref-type="supplementary-material"}). The stoichiometry for the interaction of GML with RSA, PSA and MSA was approximately 3:1, similar to the stoichiometry of the HSA-GML interaction. In contrast, GML bound to BSA with a stoichiometry of 2:1, which corresponds with presence of 2 fatty acid binding sites on BSA \[[@pone.0165083.ref031]\]. Together, these data show that GML can interact with serum albumins from multiple species with similar affinities, stoichiometries and thermodynamic constants.

![HSA interacts with GML via high affinity binding to the saturated 12 carbon chain.\
**(A)** 5μM of HSA were purified via gel filtration and placed in the sample chamber of the ITC. 150 μM of ethanol solubilized GML was placed in the syringe and injected into the sample chamber twenty one times with 180 seconds interval between injections. Top graph shows the change of power with each GML injection and bottom graph shows data fitted with a single binding site model for GML and HSA. **(B)** 5μM of gel filtrated HSA was placed in the sample chamber of the ITC and 150 μM of ethanol solubilized lauric acid (LA) was placed in the syringe that was injected into the sample chamber twenty one times with 180 seconds interval between injections. Top graph shows the change of power with each LA injection and bottom graph shows data fitted with a single binding site model for GML and LA. **(C)** 5μM of gel filtrated HSA was placed in the sample chamber of the ITC and 150 μM of glycerol was placed in the syringe that was injected into the sample chamber twenty one times with 180 seconds interval between injections. Top graph shows the change of power with each glycerol injection and bottom graph shows data fitted with a single binding site model for GML and glycerol.](pone.0165083.g001){#pone.0165083.g001}

10.1371/journal.pone.0165083.t001

###### Thermodynamics, stoichiometry, and dissociation constant of albumin with GML, lauric acid or glycerol.

![](pone.0165083.t001){#pone.0165083.t001g}

                   ΔH (kcal/mol)   n           Kd (μM)
  ---------------- --------------- ----------- ------------
  GML + HSA        -3.0 ± 1.1      2.6 ± 0.9   1.4 ± 0.95
  GML + BSA        -4.5 ± 0.77     1.7 ± 0.7   2.2 ± 1.1
  GML + PSA        -2.0 ± 0.63     3.1 ± 0.2   4.5 ± 1.6
  GML + RSA        -4.5 ± 0.61     2.8 ± 0.6   5.4 ± 1.3
  GML + MSA        -4.9 ± 1.1      2.6 ± 0.3   6.3 ± 2.7
  LA + HSA         -24 ± 0.63      1.1 ± 0.4   4.9 ± 1.1
  Glycerol + HSA   N.D.            N.D.        \>50

**Table 1:** Thermodynamics, stoichiometry, and dissociation constant of the interaction of GML, lauric acid (LA) or glycerol with human serum albumin (HSA), bovine serum albumin (BSA), pig serum albumin (PSA), rabbit serum albumin (RSA), and mouse serum albumin (MSA). Data generated from ITC experiments were fitted into a single site binding model provided within the ITC software analysis package. Three independent experiments were averaged to produce above values for enthalpy (ΔH), stoichiometry (n), and dissociation constant (Kd). N.D. means not detectable.

Additionally, we investigated whether the 12 carbon acyl chain or the glycerol head group is the principle structural component of GML that binds albumin. To this end, we used ITC to measure the binding affinity between HSA with lauric acid (LA) and glycerol, the 12 carbon saturated acyl chain component of GML and the head group of GML respectively. We found that LA binds to HSA in a similar affinity as GML to HSA with a Kd in the low micromolar range, 4.9 μM. However we found that the stoichiometry of LA to HSA at a 1:1 ratio, which is different from GML to HSA. Moreover, LA binding to HSA is much more exothermic, with an enthalpy value of -24 kcal/mol compared to -3 kcal/mol value observed in the GML and HSA reactions ([Table 1](#pone.0165083.t001){ref-type="table"} and [Fig 1B](#pone.0165083.g001){ref-type="fig"}). In contrast, glycerol did not have measurable binding reaction with HSA ([Table 1](#pone.0165083.t001){ref-type="table"} and [Fig 1C](#pone.0165083.g001){ref-type="fig"}). Thus, GML binds to HSA with a relatively strong affinity via its 12 carbon acyl side chain with glycerol head group being a major determinant of the stoichiometry and thermodynamics of binding.

Using the measured dissociation constant and stoichiometry, we modeled the association between GML and HSA at various physiological concentrations using standard mass action equations. While the presence of other ligands would increase the proportion of free floating GML unbound to albumin, we assumed there were no other albumin ligands present in the system to simplify our calculations. At the GML concentrations used clinically and in this manuscript (10 and 20 μg/ml), \>90% of GML molecules are bound to HSA at all HSA concentrations ([S2 Fig](#pone.0165083.s002){ref-type="supplementary-material"}). It was only when concentrations of GML reached 100--500 μg/ml that substantial portions of GML were not bound by HSA at all concentrations. However, the percentage of HSA bound to GML versus unbound HSA varies drastically with HSA concentration. At the 0.2% HSA concentration, 38% and 75% of HSA is bound to 10 and 20 μg/ml of GML respectively ([S2 Fig](#pone.0165083.s002){ref-type="supplementary-material"}). In contrast, in a 1% HSA solution only 7.9% and 15.9% of HSA is bound to 10 and 20 μg/ml of GML respectively. Finally at a 2% HSA concentration, \<10% of HSA is bound to 10 and 20 μg/ml of GML ([S2 Fig](#pone.0165083.s002){ref-type="supplementary-material"}). In all, HSA had a strong association with GML with an expected stoichiometry. At the measured affinity and stoichiometry, the percentage of HSA bound to GML is highly dependent on the overall HSA concentration.

HSA partially rescues downstream phosphorylation of AKT in GML treated cells {#sec012}
----------------------------------------------------------------------------

AKT is a key signaling protein in human T cells with many physiological roles including cellular proliferation, survival, metabolism, and T cell development \[[@pone.0165083.ref032]\]. Activation of AKT kinase activity requires the upstream activation of PI3K and subsequently phosphorylation of AKT at both threonine 308 and serine 473 sites \[[@pone.0165083.ref033]\]. GML treated cells have attenuated TCR-induced PI3K and AKT phosphorylation \[[@pone.0165083.ref017]\]. We have shown above that HSA binds to GML with strong affinity. Because of this, HSA could suppress the ability of GML to inhibit human T cell signaling and function. Hence, we asked whether HSA is capable of reversing the suppressed PI3K-AKT signaling axis in GML treated cells. To this end, we treated APBTs with GML or ethanol solvent control in serum free media or media supplemented with 1% HSA. To our surprise, HSA alone decreased the phosphorylation of PI3K p85 regulatory domain following TCR stimulation, suggesting that HSA has independent effects on PI3K phosphorylation ([S3 Fig](#pone.0165083.s003){ref-type="supplementary-material"}). We also examined the site specific phosphorylation of AKT at both T308 and Y473 residues in the presence of GML with or without HSA. As expected, APBTs treated with GML alone have drastically suppressed AKT T308 and S473 phosphorylation that become statistically significant at 5 and 15 minutes post stimulation compared to ethanol control ([Fig 2](#pone.0165083.g002){ref-type="fig"}, compare solid black (EtOH control) with solid gray (GML Treatment) lines). Moreover APBTs in the presence of HSA alone did not have altered AKT phosphorylation at baseline and at all time points post stimulation compared to ethanol control ([Fig 2](#pone.0165083.g002){ref-type="fig"}, compare solid (EtOH control) and dotted (HSA alone treatment) black lines). APBTs in the presence of both HSA and GML have a modest increase in the phosphorylation of both residues post stimulation compared to GML treated cells that is below phosphorylation levels in the ethanol control. AKT T308 phosphorylation in HSA and GML treated APBTs become significantly increased compared to APBTs treated with GML alone at 5 and 15 minutes post stimulation, whereas AKT S473 phosphorylation is significantly increased at 15 minutes post stimulation ([Fig 2](#pone.0165083.g002){ref-type="fig"}, compare solid (GML alone) and dotted (HSA + GML treatment) gray lines). Hence, HSA impacts the ability of GML to suppress AKT phosphorylation.

![HSA restores AKT phosphorylation at both threonine 308 and serine 473 residues in GML treated cells.\
APBTs were treated with 0.1% ethanol vehicle control in serum free media (solid black lines), 10 μg/ml GML in serum free media (solid grey lines), 0.1% ethanol vehicle control in 1% HSA (dotted black lines), or 10 μg/ml GML in 1% HSA (dotted grey lines). Cells were stimulated by crosslinking 2 μg/ml of anti-CD3 for various times. Phosphorylation of AKT at threonine 308 and serine 473 were assessed by immunoblotting. Representative blots **(A)** and immunoblot quantification **(B)** are shown from 5 independent experiments with different individual donors. \# denotes p\<0.05 in Student t's test comparing ethanol and GML treated cells in serum free media. \* denotes p\<0.05 in Student t's test comparing GML treated cells in serum free RPMI with GML treated cells in 1% HSA.](pone.0165083.g002){#pone.0165083.g002}

HSA relieves the disruption of LAT, PLC-γ1, and AKT clustering by GML {#sec013}
---------------------------------------------------------------------

Activation of the TCR signaling cascade induces the formation of LAT nucleated protein signaling microclusters at the plasma membrane composed of various signaling molecules in close proximity to allow for rapid signal transduction \[[@pone.0165083.ref034]--[@pone.0165083.ref036]\]. These microclusters are visible under fluorescent microscopy and are highly dependent on TCR activation induced aggregation of smaller nanocluster units of LAT and its signaling partners (\<5 LAT molecules) that are not visible under standard fluorescent microscopy \[[@pone.0165083.ref037]--[@pone.0165083.ref039]\]. We have previously found that GML treated cells have severely reduced LAT, PLC-γ1, and AKT microclusters at the plasma membrane \[[@pone.0165083.ref017]\]. Because of this, we tested whether HSA alters GML's impairment of microcluster formation of these molecules. To detect microcluster formation solely in the plasma membrane compartment, we utilized total internal reflection fluorescence (TIRF) microscopy staining for phosphorylated LAT at tyrosine 226. Consistent with our previous report, 10 μg/ml of GML drastically decreased LAT clustering at the membrane. The presence of 1% HSA significantly increased LAT microcluster formation in GML treated cells to levels similar to ethanol and HSA control groups, both visually in representative cells ([Fig 3A](#pone.0165083.g003){ref-type="fig"}) and in the average pixel intensity in the cellular median axis of 60 cells ([Fig 3B](#pone.0165083.g003){ref-type="fig"}). Similarly, 10 μg/ml of GML alone inhibits PLC-γ1 ([Fig 4](#pone.0165083.g004){ref-type="fig"}) and AKT ([Fig 5](#pone.0165083.g005){ref-type="fig"}) clustering and the addition of 1% HSA in GML treated cells relieves this inhibition ([Fig 4](#pone.0165083.g004){ref-type="fig"} and [Fig 5](#pone.0165083.g005){ref-type="fig"}). Overall, these results show that HSA restores the formation of signaling protein microclusters at the plasma membrane.

![HSA restores GML mediated disruption of LAT microclusters.\
(**A**). APBTs treated with 0.1% ethanol or 10 μg/ml GML in serum free media as well as 0.1% ethanol or 10 μg/ml GML in 1% HSA were stimulated by plate bound anti-CD3 (2 μg/ml) in glass covered chamber slides. They were then fixed, permeabilized, stained with antibody specific for phosphorylated LAT Y226, and imaged using TIRF microscopy. White bar scale indicates 4 μm in length. (**B**). Pixel intensities of median axis of each cell in images obtained in (**A**) were quantified and averaged using ImageJ. Scatter plot distributions with 95% confidence intervals of 60 cells from 3 independent experiments are shown. \* denotes p\<0.05 in Student t's test comparing the identified samples.](pone.0165083.g003){#pone.0165083.g003}

![HSA allows for PLC-γ1 microcluster formation in GML treated cells.\
(**A**). APBTs treated with 0.1% ethanol or 10 μg/ml GML in serum free media as well as 0.1% ethanol or 10μg/ml GML in 1% HSA were stimulated by plate bound anti-CD3 (2 μg/ml) in glass covered chamber slides. They were then fixed, permeabilized, stained with antibody specific for phosphorylated PLC-γ1 Y783, and imaged using TIRF microscopy. White bar scale indicates 4 μm in length. (**B).** Pixel intensities of median axis of each cell in images obtained in (**A**) were quantified and averaged using ImageJ. Scatter plot distributions with 95% confidence intervals of 60 cells from 3 independent experiments are shown. \* denotes p\<0.05 in Student t's test comparing the identified samples.](pone.0165083.g004){#pone.0165083.g004}

![HSA rescues AKT microcluster formation in GML treated cells.\
(**A**). APBTs treated with 0.1% ethanol or 10 μg/ml GML in serum free media as well as 0.1% ethanol or 10 μg/ml GML in 1% HSA were stimulated by plate bound anti-CD3 (2 μg/ml) in glass covered chamber slides. They were then fixed, permeabilized, stained with antibody specific for total AKT, and imaged using TIRF microscopy. White bar scale indicates 4 μm in length. (**B**). Pixel intensities of median axis of each cell in images obtained in (**A**) were quantified and averaged using ImageJ. Scatter plot distributions with 95% confidence intervals of 60 cells from 3 independent experiments are shown. \* denotes p\<0.05 in Student t's test comparing the identified samples.](pone.0165083.g005){#pone.0165083.g005}

HSA restore cytokine production in GML treated human T cells {#sec014}
------------------------------------------------------------

Our previous data show that HSA binds to GML with strong affinity and alleviates GML-mediated signaling defects in AKT phosphorylation as well as LAT, PLC-γ1, and AKT microcluster formation. Thus, we hypothesized that GML in the presence of HSA is not able to suppress human T cell cytokine production. To test this, we treated APBTs with varying doses of solubilized GML or 0.2% ethanol vehicle control in the presence of 0.1%, 1% and 2% HSA supplemented media and measured TCR-induced cytokine production using ELISA. HSA at these concentrations is within the range of physiological HSA concentrations found in various human tissues \[[@pone.0165083.ref018],[@pone.0165083.ref019],[@pone.0165083.ref040],[@pone.0165083.ref041]\]. Similar to our previous study, GML in the absence of serum albumin significantly reduced IFNγ, IL-2, IL-10, and TNFα at doses 10 μg/ml or greater compared to APBTs treated with ethanol control in the absence of serum albumin \[[@pone.0165083.ref017]\] ([Fig 6](#pone.0165083.g006){ref-type="fig"}). Curiously, ethanol control with HSA alone induced a significant increase of IFN-γ and decrease of IL-10 compared to ethanol control in the serum free group ([Fig 6A and 6C](#pone.0165083.g006){ref-type="fig"}, see the EtOH values). The presence of HSA in addition to GML alleviated GML induced suppression of cytokine production that was distinct for each cytokine tested and was dependent upon the relative concentration of GML and HSA. APBTs in the presence of 2% HSA had significantly restored IFN-γ production at both GML doses compared to GML treatment alone ([Fig 6A](#pone.0165083.g006){ref-type="fig"}). However, treatment of APBTs with 1% or 0.2% HSA only had significant restoration of IFN-γ production with 10 μg/ml GML, but not 20 μg/ml of GML ([Fig 6A](#pone.0165083.g006){ref-type="fig"}). In contrast, APBTs treated with 10 μg/ml of GML have significantly increased IL-2 production at the HSA concentrations of 2% and 1% but not 0.2% compared to APBTs treated with 10 μg/ml GML in serum free media ([Fig 6B](#pone.0165083.g006){ref-type="fig"}). Whereas, APBTs treated with 20 μg/ml of GML did not have significantly increased IL-2 production at all HSA doses compared to APBTs treated in serum free conditions ([Fig 6B](#pone.0165083.g006){ref-type="fig"}). Similarly, while APBTs treated with 10 μg/ml of GML in the presence of all doses of HSA have significantly increased IL-10 production compared to control APBTs, treatment with 20 μg/ml GML did not restore IL-10 production when compared to APBTs treated with 20 μg/ml of GML in serum free media across all concentrations of HSA tested ([Fig 6C](#pone.0165083.g006){ref-type="fig"}). Finally, APBTs treated with both 10 and 20 μg/ml of GML have significantly increased TNF-α production compared to APBTs treated with 10 and 20 μg/ml of GML in serum free media across all concentrations of HSA ([Fig 6D](#pone.0165083.g006){ref-type="fig"}). These observations show that HSA alleviates GML-induced suppression of cytokine production in a distinct manner for each cytokine and is dependent upon the relative ratio of GML and HSA.

![HSA differentially restores cytokine production in GML treated cells.\
APBTs were suspended in serum free RPMI or RPMI supplemented with 2%, 1% or 0.2% HSA and were treated with 0.2% ethanol vehicle control, 10 μg/ml, or 20 μg/ml of GML. Cells were plated on 2 μg/ml anti-CD3 coated plates for 24 hours. Extracellular cytokine production for **(A)** IFN-γ, **(B)** IL-2, **(C)** IL-10, or **(D)** TNFα was measured by ELISA in 3 independent experiments with different human donors. To statistically confirm that GML is suppressing cytokine production without serum, Student t's test was done by comparing EtOH treated groups with GML treated groups under the same serum free environment, indicated by the black bars, with \# denoting p\<0.05. To statistically test for the effects of HSA on GML-induced cytokine production, Student t's test was done by comparing groups with various concentrations of HSA supplemented media and serum free media with each test group (i.e. the x axis headings EtOH, 10 μg/ml GML, 20 μg/ml GML), with \* denoting p\<0.05, \*\* p\<0.01, and \*\*\* p\<0.005.](pone.0165083.g006){#pone.0165083.g006}

Discussion {#sec015}
==========

GML has potent antimicrobial and immunosuppressive properties; however, no studies have examined how soluble factors at the sites of GML application such as the skin, gut, and vaginal tract modify GML's activity. Due to the abundance of HSA at these sites and HSA's known ability to interact with fatty acid compounds, we characterized how HSA alters GML induced T cell suppression. We previously published that ordered lipid domains in the plasma membrane are drastically altered in GML treated cells. Consequently, LAT, PLC-γ1, and AKT nanocluster domains fail to aggregate into microclusters at the plasma membrane. In turn, reduced microcluster formation leads to TCR induced calcium influx, PI3K and AKT activation, and cytokine production \[[@pone.0165083.ref017]\]. In this study, we found that HSA, PSA, MSA and RSA bind to GML at a stoichiometric ratio of approximately 3:1 at low micromolar affinities, while BSA binds to GML with similar affinities but a stoichiometry of approximately 2:1. The error associated with the stoichiometry values is due to the inability to accurately measure the concentration of the active components of serum albumins and GML. However, the measured stoichiometries correspond with the number of fatty acid binding sites determined by previous studies \[[@pone.0165083.ref027],[@pone.0165083.ref031]\]. The 12 carbon acyl chain is the main structural component of GML required for the high affinity binding to HSA, but the glycerol head group of GML plays a role in determining the stoichiometry and thermodynamic constants of this association.

Due to the promiscuous nature of HSA to interact with the dyes used for the calcium influx and lipid order/disorder assays, we were unable to test how HSA affects GML-mediated disruption of membrane lipid dynamics and TCR induced calcium influx. However, we did observe that HSA reversed GML mediated inhibition of membrane clustering of LAT, PLC-γ1, and AKT and partially rescues GML induced suppression of AKT phosphorylation. Finally, HSA restored cytokine production in GML treated T cells, namely IFN-γ, IL-10, TNFα, and IL-2, to various degrees depending on the cytokine. Interestingly, HSA alleviated the suppressed production of inflammatory cytokines, IFN-γ and TNF-α, at a lower ratio of HSA:GML concentrations compared to the immunomodulatory cytokines IL-2 and IL-10. This suggests that HSA is more potent at restoring APBT-induced inflammatory cytokines than immunomodulatory cytokines.

We believe that GML directly binds to HSA in a similar fashion with how HSA binds to its other binding partners. The release of GML induced T cell suppressive effects by albumin is consistent with how albumin interacts with other ligands. HSA binds to warfarin, azapropazone, furosemide, sulfisoxazole, diflunisal, etodolac, and lomefloxacin at affinities similar to GML, with dissociation constants between 2 to 6 μM \[[@pone.0165083.ref042]--[@pone.0165083.ref049]\]. The degree of association between HSA and its ligands has profound impact on the pharmaceutical activity of those compounds in that increasing concentrations of drug molecules bound to albumin result in decreased drug activity and vice versa. For example, the addition of aspirin affects the binding between HSA and its endogenous ligand bilirubin \[[@pone.0165083.ref050]\]. Moreover, direct drug displacement of albumin-bound warfarin and sulfonamide antibiotics by other albumin binding compounds, which increases the pool of albumin free warfarin and sulfonamides, decreases the drugs' effective dosage and potentiates possible toxic side effects \[[@pone.0165083.ref051]--[@pone.0165083.ref053]\]. Similarly, we believe that the relative concentrations of albumin bound GML vs. albumin free GML dictate how albumin alters the GML induced human T cell suppression. Higher concentrations of albumin remove the vast majority of free GML molecules in solution, resulting in a minimal concentration of free floating, biologically active GML molecules. In contrast, while lower concentrations of albumin is also able to bind to GML molecules, the pool of ligand free albumin is limited, resulting in an accumulation of unbound, biologically active GML molecules as they dissociate from albumin at equilibrium. Moreover, albumin is plausibly bound to a variety of fatty acids and other compounds in a physiological setting. The amount of free floating, active GML molecules would depend heavily on the relative affinity of albumin and GML compared to albumin and other substrates and the amount of HSA present. Thus, we believe that GML is only able to fully suppress human T cells when it is free floating and not bound to albumin. This fits with our data that APBTs treated with 2% albumin and 10 μg/ml of GML, and therefore a high albumin vs. GML ratio, have completely alleviated GML-mediated suppression of IFN-γ, IL-2, IL-10, and TNF-α production. On the other hand, APBTs treated with 0.2% albumin and 20 μg/ml of GML, a much lower albumin vs. GML ratio, resulted in an intermediate phenotype with restored production of the inflammatory cytokine TNFα but not the immunomodulatory cytokines IL-2 and IL-10. Altogether, the concentration of free GML in solution, as determined by the amount of HSA, is critical for the biological activity of GML.

Curiously, HSA appears to have independent effects on T cell responses. Contrary to the classical belief that HSA is an immunologically inert protein, some evidence suggests that HSA alone is able to modulate immune function and signaling. Therapeutic HSA preparations increased the expression of the activation markers MHC-II, CIITA, and H2-M in mice monocytic cells as well as HLA-DR in human monocytic cells, suggesting that HSA may enhance the function of antigen presenting cells \[[@pone.0165083.ref054]\]. Moreover, HSA stimulates the activation of c-Src kinase and subsequently the MAP kinase and NF-κB pathways to increase VCAM1 expression in endothelial cells, a cellular regulator of the immune response \[[@pone.0165083.ref055]\]. Additionally, albumin and/or albumin protein fragments may alter human T cell signaling and function. Aspartyl-alanyl diketopiperazine, a cyclized by-product molecule generated by albumin cleavage, suppresses T cell TNF-α and IFN-γ production and MAP kinase cascade activation \[[@pone.0165083.ref056],[@pone.0165083.ref057]\]. In this study, we found that human T cells had enhanced IFN-γ and to a lesser extent, reduced IL-10 production compared to the ethanol control cells without HSA. Moreover, we found that HSA alone suppressed TCR-induced phosphorylation of p85 regulatory domain of PI3K ([S3 Fig](#pone.0165083.s003){ref-type="supplementary-material"}). Albumin may also have additional indirect mechanisms that alter human T cell activation. We observed that T cells in the presence of HSA preparations that were not fatty acid free have altered cytokine production compared to fatty acid free HSA, suggesting that HSA may bind to other fatty acids and ligands that alters human T cells ([S3 Fig](#pone.0165083.s003){ref-type="supplementary-material"}). Taken together, albumin alone may have additional unexplored effects on human T cell signaling and function. Despite this, our data clearly shows that HSA alleviates the suppression of human T cells by GML.

Collectively, we found that HSA is a powerful modulator of human T cell suppression by GML which provide important contextual insight on how GML exert its immunosuppressive properties. When administered systemically into the circulatory system, where plasma albumin concentrations range between 35 to 50 g/L, GML will encounter abundant HSA at concentrations higher than the measured HSA-GML Kd value \[[@pone.0165083.ref018],[@pone.0165083.ref058]\], especially in light of the fact that GML has an aqueous solubility cap of 100 μg/ml under 37°C. Utilizing the observed Kd value of 1.4 μM to calculate the concentration of the GML-HSA complex and comparing it to free GML molecules, we found that \>99% of GML molecules is bound to albumin at concentrations where GML is soluble ([S2 Fig](#pone.0165083.s002){ref-type="supplementary-material"}). Based on our findings, GML is not expected to cause systemic T cell suppression as it would bind to HSA and be sequestered away from T cells entirely. Moreover, any free floating or albumin dissociated GML molecules would rapidly encounter albumin not bound to GML due to the large amount of albumin molecules present in the total volume of serum.

Similarly, albumin is highly concentrated in the lymphatic fluid, where its concentration ranges from 40% to 90% of the serum concentration, and dynamic lymphatic flow allows for a large pool of albumin molecules to encounter GML \[[@pone.0165083.ref040]\]. Under similar conditions where the HSA concentrations are higher than the HSA-GML Kd value, we again found that \>99% of albumin is bound to GML in this scenario ([S2 Fig](#pone.0165083.s002){ref-type="supplementary-material"}). From our observations, systemic GML is not expected to hinder T cell activation and follicular T cell functions in the lymph node. Additionally, topical GML in gel formulations with solubility up to 50 mg/ml can readily come into contact with highly concentrated albumin in superficial skin wounds, where exudate fluids contain albumin at concentrations ranging from 10 to 30g/L, which is in excess of the HSA-GML Kd value \[[@pone.0165083.ref003],[@pone.0165083.ref019]\]. This pool of albumin is replenished from the plasma via capillary leakage, albeit at a smaller total plasma volume than systemic circulation \[[@pone.0165083.ref019]\]. We calculate that \>90% of GML at doses less than 500 μg/ml will be bound to HSA. GML at doses between 500 to 5000 μg/ml will result in an equilibrium state where the concentration of GML-HSA complexes is within one order of magnitude of free GML molecules. In contrast, \<2% of GML molecules will be bound to HSA at doses of GML greater than 5000 μg/ml ([S2 Fig](#pone.0165083.s002){ref-type="supplementary-material"}). Thus, GML at therapeutic doses between 500 to 5000 μg/ml is not expected to be completely inhibit pathogen clearance or immune function, but instead may result in an intermediate phenotype characterized by a cytokine milieu with intact inflammatory but suppressed immunomodulatory cytokines.

In contrast, low levels of albumin without a functional reserve are present in the urine, vaginal secretions, cerebrospinal fluid, tears, bile, sweat, gastric juice, eye, and other tissues. In these tissues, HSA concentrations are within an order of magnitude to the measured HSA-GML Kd value at the higher range of physiological values and drops below the Kd in the lower range \[[@pone.0165083.ref041]\]. We calculate that at the relevant HSA concentration in these sites, GML at doses less than 20 μg/ml would be mostly bound to albumin and albumin-free GML would increase rapidly at doses greater than 20 μg/ml ([S2 Fig](#pone.0165083.s002){ref-type="supplementary-material"}). Therefore, albumin at these sites is not expected to completely prevent T cell suppression by GML at therapeutic doses greater than 20 μg/ml, allowing GML to suppress inflammation locally in these tissues. This is especially important in the context of topical GML application in the vaginal tract to remediate menstrual associated toxic shock syndrome, where GML would inhibit both gram positive bacteria virulence and unchecked superantigen induced T cell activation. Overall, we demonstrate that HSA directly binds and sequesters GML molecules away from T cells and the concentration of free floating GML molecules is a major determinant of GML's ability to suppress human T cell signaling and function. These observations provide insight on how host factors modify GML's immunosuppressive properties and the context for how GML achieves T cell suppression.
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###### ITC curves of GML with various mammalian albumins.

150μM of GML was injected incrementally into the sample chamber containing 5μM of mammalian albumins. Top graph shows the change of power with each GML injection and bottom graph shows data fitted with a single binding site model for **(A)** bovine serum albumin (BSA), **(B)** pig serum albumin (PSA), **(C)** rabbit serum albumin (RSA), and **(D)** mouse serum albumin (MSA).

(PDF)

###### 

Click here for additional data file.

###### Binding curves of GML with HSA.

The percentage of GML molecules bound to HSA **(A)** and conversely HSA bound to GML **(B)** were calculated using the Kd value between GML and HSA in. Curves for 4%, 2%, 1%, 0.2%, and 0.0002% HSA are shown with open diamond, circle, square, triangle, and closed diamond respectively.

(PDF)

###### 

Click here for additional data file.

###### HSA and non-fatty acid free HSA have independent effects on T cell signaling and function.

**(A)** APBTs were treated with 0.1% ethanol vehicle control in serum free media, 10 μg/ml GML in serum free media, 0.1% ethanol vehicle control in 1% fatty acid free-HSA, or 10 μg/ml GML in 1% fatty acid free-HSA. Cells were stimulated by crosslinking 2 μg/ml of anti-CD3 for various times. Phosphorylation of p85 regulatory domain of PI3K was assessed by immunoblotting with representative blot shown. **(B)** APBTs were suspended in serum free RPMI or RPMI supplemented with 3% non-fatty acid free HSA and were treated with 0.2% ethanol vehicle control, 10 μg/ml, or 20 μg/ml of GML. Cells were plated on 2 μg/ml anti-CD3 coated plates for 24 hours. Extracellular cytokine production for IFN-γ (top left), IL-2 (top right), IL-10 (bottom left), or TNFα (bottom right) was measured by ELISA.
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###### 

Click here for additional data file.
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